Abstract. Exclusive production of vector mesons was studied with the HERMES spectrometer at the DESY laboratory by scattering 27.6 GeV longitudinally polarized electrons or positrons off unpolarized hydrogen and deuterium as well as off transversely polarized hydrogen internal targets. Results of the measurements of the Spin Density Matrix Elements (SDMEs) for ρ 0 and φ , the ratios of helicity amplitudes for ρ 0 on unpolarized H and D targets as well as of the transverse target spin asymmetry (A U T ) for ω and φ production on a transversely polarized H target will be reported.
INTRODUCTION
Exclusive vector meson production in lepton-nucleon scattering provides a convenient tool for studying vector meson production mechanisms and also, in a model-dependent way, the structure of the nucleon. The hard production is closely related to nucleon structure through the General Parton Distributions (GPDs). A wealth of information is contained in the Spin Density Matrix Elements (SDMEs) which are the observables describing how the spin components of virtual photon are transferred to the spin states of the vector meson created. Similar information provides the amplitudes ratios analysis. An observable of particular interest is the transverse-target single-spin azimuthal asymmetry providing information on the E function of the GPDs. Exclusive production of vector mesons was studied with the HERMES spectrometer at the DESY laboratory by scattering 27.6 GeV longitudinally polarized electrons or positrons off unpolarized hydrogen and deuterium as well as off transversely polarized hydrogen internal targets. The HERMES spectrometer is described in detail in Ref. [1] . It was a forward spectrometer in which both the scattered lepton and the produced hadrons were detected within an angular acceptance ± 170 mrad horizontally and ± (40-140) mrad vertically. Results of the measurements of (SDMEs) for exclusive ρ 0 and φ production on unpolarized H and D targets will be reported. The differences between SDMEs for the ρ 0 and φ mesons will be pointed out and discussed. The dependences of particular elements on Q 2 and t ′ for ρ 0 and φ mesons as well as signatures of unnatural-parity-exchange amplitudes will be also brought up. In addition, real and imaginary parts of ratios of the natural-parity-exchange (NPE) and unnatural-parity-exchange (UPE) helicity amplitudes of exclusive ρ 0 production extracted from the data will be shown. The single-spin azimuthal asymmetry in the production of φ and ω mesons from a transversely polarized hydrogen target will be presented and compared with theoretical predictions. The SDMEs and ratios of the amplitudes were determined from the distributions in the production and decay angles defined in fig. 1 . The SDMEs are determined by minimizing the difference between the 3-dimensional angular distribution of the experimental events and that of a sample of fully reconstructed exclusive Monte Carlo events generated by the rhoMC code [3] . In fig. 1 the azimuthal angles are defined according to the Trento convention Ref. [5] . The azimuthal angle φ has opposite sign to that shown in fig. 1 : φ =-Φ.
SPIN DENSITY MATRIX ELEMENTS
Here, SDMEs for ρ 0 and φ are compared. The ρ 0 results have been published in Ref. [6] , but the φ results are still preliminary. In both analyses the procedures used were the same except for the selection of exclusive events. The φ (1020)-mesons were produced by scattering longitudinally polarized electrons or positrons of energy 27.6 GeV from hydrogen or deuterium targets: products, K + and K − (branching ratio 49.2% ± 0.6%), were detected in the HERMES spectrometer [1] . In order to improve the statistical accuracy of the results, the hydrogen and deuterium data samples are combined, as the separately obtained physics results are consistent within the experimental uncertainties. For the data taken in the years 1996-1997 the hadron identification was performed by using a threshold Cherenkov detector to veto pions above the pion threshold of 3.8 GeV. A dual radiator RICH detector [7] was used for the data taken during 1998-2000. The analysis discussed in the following uses the sum of these two data sets. In spite of the threshold of 2 GeV for kaon identification with the RICH, for the combined sample a minimum momentum of 7.5 GeV was required for the φ -meson to ensure a high efficiency of the Cherenkov detector in suppressing background events. A sample of 'exclusive' events is selected by the requirements: 0.99 GeV < M KK < 1.04 GeV, where M KK is the invariant mass of the two kaons;
GeV, where M is taken for both targets to be the proton mass and M X is the missing hadronic mass; the opening angle between the decay kaons was restricted to be less than the maximum kinematically allow value. Diffractive events were selected by the constraint -t ′ < 0.4 GeV 2 . Here t ′ =t-t 0 where t is squared four-momentum transfer from the virtual photon to the vector meson and -t 0 is the smallest kinematically allowed value of -t. In Fig.2 SDMEs extracted in the entire kinematic region are presented. The average kinematic values are Q 2 = 1.9 GeV 2 , W = 4.8 GeV and −t ′ = 0.13 GeV 2 . The SDMEs are shown according to the hierarchy of NPE helicity amplitudes and categorized into five classes. SDMEs in classes A and B include dominant contributions from amplitudes corresponding to transitions with s-channel helicity conservation (SCHC). Class A comprises SDMEs with dominant contributions proportional to |T 00 | 2 or |T 11 | 2 , the helicity-conserving amplitudes describing the transitions γ *
Here the subscripts L and T correspond respectively to longitudinal and transverse virtual photons and vector mesons. Class B SDMEs correspond to the interference of T 00 and T 11 amplitudes. The main terms for the unpolarized (polarized) SDMEs are proportional to the real (imaginary) part of T 00 T * 11 . Classes C to E contain dominant contributions of amplitudes with spin-flip transitions, λ V = λ γ * . Class C contains SDMEs with dominant terms that are products of the s-channel helicity non-conserving amplitude T 01 (corresponding to the γ * T → V L transition), and T * 00 or T * 11 (for r 1 00 the T 01 contribution is actually quadratic). Classes D and E are composed of SDMEs in which the main terms contain a product of T 10 (single helicity flip, γ * L → V T ) and T 1−1 (double helicity flip, γ * T → V −T ), respectively, with T * 11 . SDMEs are shown and are multiplied by certain factors in order to allow their comparison of the level of dominant amplitudes (see Eqs. (77-79) of Ref. [6] ). In this way, certain combinations of these SDMEs can be compared to the ones in the Diehl representation [8] . For classes A and B, (see also Q 2 dependences of SDMEs belonging to these classes) which contain the dominant T → V −T ), the φ SDMEs fluctuate about zero supporting the validity of SCHC. This is in agreement with recent results by the H1 Collaboration [9] . If there were significant non-zero values for the φ SDMEs of classes C, D or E as observed for ρ 0 meson, it would indicate that also in φ production a production mechanism not conserving s-channel helicity is involved. The class-C SDMEs measured at HERMES show pronounced differences between φ and ρ 0 mesons. In the case of ρ 0 production, both Re{r 04 10 } and r 5 00 are found to be different from zero by several standard deviations in the total experimental uncertainty for hydrogen and deuterium. In contrast, in φ production both SDMEs are found to be consistent with zero, and in particular r 5 00 has a small uncertainty. Simple conclusions can be drawn from the result on r 5 00 which is proportional to the real part of the product of the amplitudes describing the
∝ Re(T 01 T * 00 ) = |T 01 ||T 00 | cos δ 01 , where δ 01 is the phase difference between the amplitudes T 01 and T 00 . The real part of T 01 T * 00 can be close to zero if either |T 01 | is very small or δ 01 ≈ ± π/2. The first solution seems more likely as the SDME r 8 00 , which is proportional to the imaginary part of the same product of amplitudes, r 8 00 ∝ Im(T 01 T * 00 ) = |T 01 ||T 00 | sin δ 01 , is compatible with zero within the experimental uncertainty. The amplitude T 01 provides information on the longitudinal quark motion in the vector meson. It was shown [10] that the amplitudes violating SCHC are zero if the two valence quarks in the vector meson have negligible kinetic energy and their longitudinal momenta equal one half of the meson momentum in the infinite momentum frame. The smaller value of |T 01 | for the φ meson compared to that for the ρ 0 meson means that the fractional longitudinal momenta of the two strange quarks in the φ meson are closer to each other and to half of the meson momentum than those of the u and d quarks in the ρ 0 meson. In terms of GPDs [11] , the solution of a very small magnitude of the amplitude T 01 would imply that there is a cancellation between the contributions from gluons and strange quarks from the sea. Such a cancellation is not expected in the case of ρ 0 production, where an additional contribution from valence quarks can explain the observed non-zero value of r 5 00 . For classes D and E, the unpolarized HERMES ρ 0 and φ SDMEs agree within their uncertainties, while for polarized SDMEs of classes C, D and E the larger uncertainties of the φ SDMEs prevent clear conclusions.
RATIOS OF HELICITY AMPLITUDE
The ratios of helicity amplitudes published recently by HERMES [12] provide a convenient insight into the physics of electroproduction of vector meson. For those ratios exist also theoretical predictions [13, 10] The real and imaginary parts of ratios of NPE helicity amplitudes:
and for the UPE helicity amplitude U 11 the ratio |U 11 |/|T 00 | were obtained for unpolarized hydrogen and deuterium targets in the kinematical region: 0.5 GeV 2 < Q 2 < 7.0 GeV 2 , 3.0 GeV < W < 6.3 GeV, -t ′ < 0.4 GeV 2 . The Q 2 and -t ′ dependences are also extracted from using the bins for Q 2 : 0. Theoretical studies presented in Ref. [13, 10] predict the following dependences:
In fig. 3 real and imaginary part and the phase of t 11 are presented. It is worth to note that the Q 2 dependence of Im t 11 differs from the theoretical prediction. Large values of the phase for ρ 0 were obtained. The high values of the phase for ρ 0 and φ are also provided by the SDME analysis. 
SINGLE-SPIN ASYMMETRY IN EXCLUSIVE ELECTROPRODUCTION OF φ AND ω MESONS ON TRANSVERSELY POLARIZED PROTONS
The data were accumulated during the running period 2002-2005 using a transversely polarized hydrogen target with an average polarization of 0.72. Exclusive φ mesons were identified using the same cuts and procedures as in the analysis of similar measurements with an unpolarized target. The ω mesons were selected with conditions: invariant mass 0.71 GeV<M(h + ,h − ,π 0 )<0.87 GeV, invariant mass of two photons 0.11 GeV<M(γ,γ)<0.16 GeV of π 0 decay. The calculations of Ref. [14] have been performed close to the HERMES kinematic region. In these calculations the quark transverse degrees of freedom and Sudakov suppressions are taken into account. Including the quark transverse momenta provides a model-dependent regularization. Different contributions arise from the GPDs E for gluons, sea quarks and valence quarks. For φ mesons, it is assumed and argued that gluon and sea quark contributions have to cancel almost completely, resulting in a very small or close to zero asymmetry. One can see in Fig. 4 that the values of the measured asymmetry amplitudes A UT , A T UT and A L UT confirm these assumptions, given the rather large uncertainties. In the case of ω the predicted value is negative, -0.12 ± 0.05 (the uncertainty is given by those of the fit parameters which are constrained by the data), while the experimental value is -0.22 ± 0.11. Due to the relatively large uncertainty of A UT only one of the predictions of Ref. [14] can be eliminated.
